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Sympathetic vasoconstrictor regulation of mouse colonic
submucosal arterioles is altered in experimental colitis

A. E. Lomax, M. O’Reilly, S. Neshat and S. J. Vanner
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Recent studies suggest that altered neural regulation of the gastrointestinal microvasculature

contributes to the pathogenesis of inflammatory bowel disease. Therefore, we employed video

microscopy techniques to monitor nerve-evoked vasoconstrictor responses in mouse colonic

submucosal arterioles in vitro and examined the effect of 2,4,6-trinitrobenzene sulphonic

acid (TNBS) colitis. Nerve stimulation (2–20 Hz) caused frequency-dependent vasoconstrictor

responses that were abolished by tetrodotoxin (300 nM) and guanethidine (10 μM). The P2

receptor antagonist suramin (100 μM) or the α1-adrenoceptor antagonist prazosin (100 nM)

reduced the vasoconstriction and the combination of suramin and prazosin completely abolished

responses. Nerve-evoked constrictions of submucosal arterioles from mice with TNBS colitis

were inhibited by prazosin but not suramin. Superfusion of ATP (10 μM) resulted in large

vasoconstrictions in control mice but had no effect in mice with colitis whereas constrictions to

phenylephrine (3 μM) were unaffected. P2X1 receptor immunohistochemistry did not suggest

any alteration in receptor expression following colitis. However, Western blotting revealed

that submucosal P2X1 receptor expression was increased during colitis. In contrast to ATP,

αβ-methylene-ATP (1 μM), which is resistant to catabolism by nucleotidases, constricted

control and TNBS arterioles. This indicates that reduced purinergic transmission to submucosal

arterioles may be due to increased degradation of ATP during colitis. These data comprise

the first description of the neural regulation of mouse submucosal arterioles and identify a

defect in sympathetic regulation of the GI vasculature during colitis due to reduced purinergic

neurotransmission.
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Maintenance of the intestinal mucosal barrier limits
activation of the enteric immune system and is thought
to be an important regulator of intestinal inflammation
(Fiocchi, 1998). Mucosal microvascular dysfunction,
which alters mucosal barrier function, may be a
contributing factor to the chronic relapsing and remitting
course of inflammatory bowel diseases (IBD) (Thornton
& Solomon, 2002; Hatoum & Binion, 2005). In contrast
to acute inflammation where blood flow to affected sites is
transiently increased, blood flow to chronically inflamed
regions of gut in IBD patients is reduced (Hatoum &
Binion, 2005).

The microvasculature of the gastrointestinal tract is
subject to a complex hierarchy of neural control
mechanisms. In the guinea-pig gastrointestinal
tract, sympathetic postganglionic neurons provide
vasoconstrictor input to submucosal arterioles while
enteric submucosal vasomotor neurons and extrinsic
primary afferent neurons innervate the vessels and

release vasodilator substances (Vanner & Surprenant,
1996). Submucosal arterioles determine mucosal blood
flow as they are the primary resistance vessels of the
splanchnic vasculature (Lundgren, 1984; Granger et al.
1989). Therefore, a disruption in the balance between
vasoconstrictor and vasodilator influences may lead to
altered blood flow to the GI mucosa.

While there is evidence of anatomical remodelling of the
gut microvasculature (Anthony et al. 1997; Anthony, 1999)
and angiogenesis (Danese et al. 2006) in IBD, there are
also emerging data that point to a role for aberrant neural
regulation of GI arterioles in these conditions (Hatoum
et al. 2003a). Hatoum et al. (2003a) demonstrated
that submucosal arterioles from IBD patients did not
dilate in response to acetylcholine due to changes in
endothelial release of vasodilators, suggesting that enteric
cholinergic vasodilator innervation of these arterioles
is altered in IBD. Moreover, a recent in vivo study
of mouse colonic submucosal arterioles demonstrated
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that bradykinin-induced vasodilations were reduced
during dextran sodium sulphate (DSS) colitis due to an
endothelial defect (Mori et al. 2005). In addition, several
recent studies have shown that inflammation markedly
alters the innervation of the GI tract (Collins, 1996; Mawe
et al. 2004; Beyak & Vanner, 2005; Lomax et al. 2005a).
These studies indicate that inflammation affects multiple
neural regulatory pathways in the GI tract. Thus, the
aim of the present study was to test the hypothesis that
GI inflammation alters the neural regulation of blood
flow in the GI tract, with a particular emphasis on the
vasoconstrictor innervation by sympathetic neurons.

Although great strides have been made in defining the
neural circuitry that regulates blood flow in the gastro-
intestinal tract (Vanner & Surprenant, 1996; Vanner &
MacNaughton, 2004), the majority of these experiments
have been performed in a single species, the guinea-pig.
Given the increased availability of immunologically
characterized models of IBD in mice compared to other
species, our goal was to determine the extent and
mechanism of altered neural control of the GI vasculature
in the 2,4,6-trinitrobenzene sulphonic acid (TNBS) model
of colitis in mice (Strober et al. 2002). Therefore, we
first characterized the normal neural regulation of mouse
colon submucosal arterioles and then compared these
characteristics to data obtained in tissue from mice with
TNBS colitis.

Methods

Male CD-1 mice weighing 25–35 g were obtained from
Charles River Laboratories (Montreal, PQ, Canada).
Experimental protocols were approved by the Queen’s
University Animal Care Committee and conformed to the
Guidelines of the Canadian Council of Animal Care. Mice
were anaesthetized by isoflurane inhalation and killed by
cervical transection and exsanguination. Distal colon was
removed and placed in Krebs solution (mm: 126 NaCl, 2.5
NaH2PO4, 1.2 MgCl2, 2.5 CaCl2, 5 KCl, 25 NaHCO3, and
11 glucose) that was gassed with 95% O2–5% CO2. The
colon was opened along the mesenteric border, pinned
flat in a Sylgard (Dow-Corning)-lined Petri dish that
contained Krebs solution. Submucosal preparations were
obtained following removal of the mucosa and muscularis
externae, with care taken not to touch or break submucosal
arterioles. The preparations were subsequently pinned
in small organ baths, mounted on the stage of an
inverted microscope and continuously superfused with
Krebs solution warmed to yield a bath temperature of
35–36◦C.

Arteriolar diameter measurements

Vasoconstrictions were monitored by continuously
measuring the outside diameter of individual submucosal

arterioles using a computer-assisted videomicroscopy
system (Diamtrak; Flinders University of South Australia),
as previously described (Neild, 1989). Briefly, a Eurysys
Piccolo (Bock Optronics, Missisauga, Ontario, Canada)
frame-grabber board in a PC was used to digitize television
images of the arteriole. Cursors were placed on either side
of the arteriole and were able to follow the outside of the
arteriole as it constricted or dilated. The distance between
the cursors was a measure of the outside diameter of
arterioles and the resolution of the system was < 1 μm.
The arterioles studied in control and TNBS mice were
second order arterioles, i.e. after the first branch within
the submucosa. Data were saved to the hard drive of a PC
for analysis using Diamtrak.

In our preliminary studies in mouse colon,
prostaglandin F2α (PGF2α; 400 nm) increased the
likelihood of seeing constrictions in response to lower
frequency stimuli. The amplitude of constrictions to
20 Hz trains of electrical stimuli was not altered in the
presence of PGF2α (15.8 ± 1.7 versus 16.38 ± 1.6 μm,
n = 13 arterioles each, P = 0.8), so measurements of
constrictions following nerve stimulation were made in
the presence of PGF2α. Perivascular nerve terminals were
extracellularly stimulated (with a Grass SD10 stimulator)
using 6 s trains at frequencies between 2 and 20 Hz
applied via a bipolar silver chloride stimulation electrode
placed either side of the arteriole of interest. Maximal
constriction amplitude (in μm) was measured for each
neurogenic constriction.

Immunohistochemistry

Segments of distal colon were removed and placed in
a Sylgard-lined Petri dish containing Krebs solution.
The colon was opened along the line of mesenteric
attachment and dissected as above to reveal the submucosa.
The tissue was then fixed at 4◦C for 60 min in 3.7%
buffered formalin (for tyrosine hydroxylase immuno-
histochemistry) or overnight in 4% paraformaldehyde
(for P2X1 receptor immunohistochemistry). Following
3 × 10 min washes in phosphate buffered saline (PBS),
tissues were incubated for an hour in normal sheep serum
in 1% Triton X-100. Tissues were subsequently washed
3 times in PBS before incubation overnight in the primary
antiserum (rabbit anti-P2X1 receptor antiserum; 1 : 500
code no. 5224 from Chemicon, Temecula, CA, USA; or
rabbit anti-tyrosine hydroxylase antiserum; 1 : 500, code
no. 152 from Chemicon; Lourenssen et al. 2005). Primary
antisera were then removed and the preparations were
washed for 3 × 10 min in PBS, followed by a 2 h incubation
in goat anti-rabbit alexa fluor 555 (1 : 500; Invitrogen,
Carlsbad, CA, USA). Following a final 3 × 10 min wash
in PBS, preparations were mounted on slides in buffered
glycerol and coverslipped. The slides were then analysed
with an epifluorescence microscope (Olympus BX51).
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Images were acquired using a Coolsnap CCD camera
(Photometrics Inc., Tucson, AZ, USA) and Image Pro
software (Media Cybernetics, Silverspring, MD, USA).

Western blotting

Dissections of colonic submucosa were performed as
above. Tissue was then transferred to150 μl ice-cold
lysis buffer and sonicated for 15 s. Following 30 min of
solubilization the solution was centrifuged at 13,400g.
for 1 min. An aliquot containing 10 μg of total protein
was removed and separated on a 10% polyacyrlamide
gel. The separated proteins were then electroblotted
onto ployvinylidene difluoride (PVDF) membrane and
immersed in 5% non-fat milk in PBS containing 0.05%
Tween (PBST) for 1 h. The blot was washed with
PBST and incubated overnight at 4◦C in polyclonal
rabbit anit-P2X1 antibody (Chemicon) at a 1 : 1000
dilution in 5% non-fat milk. After subsequent washes in
PBST, the blot was incubated in donkey HRP-labelled
secondary rabbit antibody (Jackson ImmunoResearch,
West Grove, PA, USA) for 1 h, washed in PBST and finally
developed with a chemiluminescent substrate (Pierce,
Rockford, IL, USA). The blot was then stripped at
60◦C for 1 h in 02 m glycine pH 2.5 containing 0.05%
Tween 20, washed briefly and then incubated for 1 h
in a 1 : 20 000 dilution of mouse anti-β-actin antibody
(Sigma Aldrich, St Louis, MO, USA). After extensive
washes (3 × 15 min) in PBST, the secondary antibody
(Peroxidase-conjugated AffiniPure Donkey anti-mouse;
Jackson ImmunoResearch) was added at 1 : 10 000 dilution
for 1 h. The blot was developed as previously described,
scanned and imported into ImagePro software in order to
measure the integral optical density (IOD) of individual
bands. The ratio of the IOD of P2X1 bands to β-actin was
calculated for each protein sample.

TNBS model of colitis

Animals were anaesthetized by intraperitoneal injection
of a combination of midazolam (1.25 mg ml−1) and
hypnorm (0.315 mg ml−1 fentanyl and 10 mg ml−1

fluanisone; 0.1 ml of mixture per 20 g body wt). A midline
laparotomy was performed, and the descending colon
was carefully exposed. Under a dissecting microscope,
a microlitre syringe (Hamilton, Reno, NV, USA) equipped
with a 32-gauge needle was used to inject 100 μl TNBS
(0.6 mg ml−1 in 40% ethanol) into the colonic lumen.
The abdomen was irrigated with warm saline and sutured
closed. After surgery, animals were allowed to recover
on a warming blanket and were given free access to
food and water. Following recovery from anaesthesia,
animals were monitored for signs of pain, altered feeding
habits, or weight loss. Animals that displayed behaviour

consistent with ongoing pain or failure to thrive were
killed. Five to eight days later, the mice were killed by
isoflurane overdose followed by exsanguination.

Assessment of inflammation

The severity of inflammation was assigned a macroscopic
damage score according to four categories: the presence
of mucosal erosion; hyperaemia; petecchial haemoerrhage
and adhesions (Moore et al. 2002). Colons were assigned
a score from 0 to 4 for each of these categories (maximum
score would be 16). Animals that had a damage score of at
least 4 were considered inflamed.

Drugs

Drugs were applied to submucosal preparations by
addition to the superfusate. Tissues were incubated in
each drug for at least 3 min before nerve stimulation
or vasoconstrictor application. The following drugs
were purchased from Sigma-Aldrich, St Louis,
MO, USA: Prazosin; 2-aminoethoxydiphenyl borate
(2-APB); tetrodotoxin; guanethidine; ATP (magnesium
salt); αβ-methylene-ATP. Pyridoxal phosphate
6-azophenyl-2′,4′-disulfonic acid (PPADS) and suramin
were purchased from Tocris (Ellisville, MO, USA) and
PGF2α (U46619) was obtained from Caymen Chemical
(Ann Arbor, MI, USA).

Data analysis

Population data are expressed as mean ± s.e.m. Student’s
t test for paired or unpaired data was used to discern
statistically significant differences between groups of data.
When more than two groups were compared, a one-way
analysis of variance (ANOVA) followed by Tukey’s multiple
comparisons test was used. A P-value of < 0.05 was taken
to indicate significance. Data analysis and graphing were
performed using Graphpad Prism (GraphPad Software
Inc., San Diego, CA, US) and SigmaPlot (Systat Software
Inc., San Jose, CA, USA).

Results

Vasoconstrictor regulation in normal mice

Electrical field stimulation (pulse duration 0.5 ms; 20–30 V
stimulus intensity) in the presence of prostaglandin F2α

resulted in vasoconstrictions (Fig. 1A) that were highly
reproducible and did not run down during the course of
a typical experiment (2 h). Stimulus trains were applied
for 6 s, and the amplitude of resulting vasoconstrictions
increased with increasing stimulus frequency (Fig. 1B). In
a minority of arterioles, constrictions were followed by
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after-dilatations; these dilatations were not studied further
in the present investigation. In many arterioles it was
difficult to elicit constrictions to lower frequency trains;
thus, pharmacological analysis was performed only on
constrictions to 5 and 20 Hz stimuli.

Stimulus-evoked vasoconstrictions were completely
abolished by TTX (300 nm; control: 18.6 ± 2.7 μm
versus TTX: 0 ± 0 μm; n = 4; P < 0.01, paired t test),
demonstrating that the stimulus parameters used
did not have any direct effect on the arterioles. In
submucosal arterioles from guinea-pig ileum,
nerve-mediated constrictions were due to release
of neurotransmitter from the perivascular terminals of
sympathetic postganglionic neurons (Evans & Surprenant,
1992). To determine whether a similar situation is at play
in mouse colon, we examined the effect of the sympathetic
neurotoxin guanethidine (10 μm) on nerve-mediated
vasoconstrictions. Guanethidine abolished all vascular
responses to nerve stimulation (control 21.9 ± 0.7 μm
versus guanethidine: 0.6 ± 0.7 μm; n = 8; P < 0.001,
paired t test). Taken together, these data indicate that EFS

Figure 1. Frequency dependence of mouse colon submucosal
arteriole vasoconstriction to nerve stimulation
A, raw data traces of arteriolar diameter responses to nerve
stimulation at various frequencies. Nerve stimulation decreased
arteriolar diameter (downward deflections). The amplitude of evoked
constrictions increased with increasing stimulus frequencies.
B, mean ± S.E.M. frequency–response data for nine arterioles from
control mouse colon submucosal arterioles.

causes vasoconstriction due to action potential-dependent
release of neurotransmitter from sympathetic nerve
terminals (Hirst et al. 1996).

We next wished to identify the neurotransmitters and
receptors involved in vasoconstrictor responses to nerve
stimulation in mouse colon submucosal arterioles. In a
previous study of guinea-pig ileum it was found that ATP or
a related purine is the only sympathetic neurotransmitter
that constricts submucosal arterioles in response to
nerve stimulation (Evans & Surprenant, 1992). This
conclusion was based on the observations that adreno-
ceptor antagonists had no effect on evoked constrictions
whereas the P2 receptor antagonist suramin abolished
nerve-evoked constrictions. In the present study, suramin
(100 μm) decreased the amplitude of evoked constrictions
in some but not all arterioles studied (reductions in
amplitude of more than 15% were observed in 25 of
38 arterioles studied at 20 Hz). In no cases did suramin
abolish the constriction to nerve stimulation. Suramin
did, however, abolish vasoconstrictions caused by super-
fusion of ATP (10 μm; data not shown). Prazosin (100 nm),
an α1-adrenoceptor antagonist, consistently reduced the
amplitude of evoked constrictions (n = 8 arterioles).
When expressed as percentage inhibition, suramin and
prazosin on their own blocked constrictions to 20 Hz
stimuli by 26 and 40%, respectively (Fig. 2). However, the
combination of suramin plus prazosin abolished responses
to nerve stimulation (n = 16 arterioles), which is more
than would be would be predicted on the basis of their
individual inhibitory effects. One explanation for this
finding is that sufficient noradrenaline or ATP is released
in response to nerve stimulation to compensate for the
component (purinergic or adrenergic) inhibited by either
antagonist. Alternatively, postjunctional synergy between
P2X receptors and α1-adrenoceptors, as described in rat
mesenteric arteries (Ralevic & Burnstock, 1990), may
account for these data.

Vasomotor control in TNBS colitis

TNBS instillation caused severe transmural inflammation
in the distal colon of mice. Colonic damage scores of
normal mice were 0 whereas the mean damage score of
TNBS colons was 7.5 ± 0.47 (n = 17 mice). Preparations
of submucosa were obtained from the slightly less inflamed
margins of inflamed regions and examined using the same
techniques as for control preparations. Resting outside
diameters of submucosal arterioles were significantly
higher in TNBS colons compared to controls (control:
47.1 ± 1.0 μm, n = 35 arterioles; TNBS: 60.6 ± 2.0 μm,
n = 24 arterioles; P < 0.01, unpaired t test), despite the
fact that arterioles from the same level of the vascular tree
were always selected.
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Nerve stimulation at 20 Hz in TNBS preparations
evoked constrictions of similar amplitude to normal mice
(control: 15.8 ± 1.8 μm versus TNBS: 15.4 ± 2.2 μm;
n = 17 and 12 arterioles, respectively). However, in
contrast to control mice, suramin had little or no
inhibitory effect on nerve evoked constrictions (Fig. 3A,
3 of 10 constrictions were reduced by more than 15%
by suramin). Prazosin, on the other hand, significantly
reduced the amplitude of evoked constrictions in 5 of
5 arterioles (Fig. 3A) and the combination of suramin plus
prazosin abolished all constrictions to nerve stimulation
in TNBS arterioles (n = 9). We directly compared the
percentage inhibition by suramin (100 μm) of sympathetic
vasoconstrictions evoked by 5 and 20 Hz between control
and TNBS colitis submucosal preparations (Fig. 3B).
Suramin was significantly more effective at reducing
evoked constrictions in control versus TNBS colitis
arterioles at both stimulus frequencies. In contrast,
prazosin (100 nm), inhibited a significantly larger
percentage of constrictions to 20 Hz stimuli in
TNBS colitis compared to controls (Fig. 3C). These
data indicate that inflammation altered purinergic
signalling between sympathetic neurons and submucosal
arterioles. The alteration in purinergic neurotransmission
during inflammation could result from effects on
purinergic transmitter release from sympathetic
nerve terminals and subsequent catabolism by
ectonucleotidases, or could be due to altered arteriolar
responsiveness to extracellular purines.

Mechanism of purinergic defect

Immunohistochemistry for tyrosine hydroxylase (TH) was
used to examine whether the sympathetic innervation
of submucosal arterioles was anatomically remodelled
in TNBS colitis, thus accounting for alterations in
sympathetic vascular control. TH immunoreactivity
was confined to axons and varicosities that formed a
perivascular network around arterioles and within
submucosal ganglia (Li et al. 1998) (Fig. 4). We counted
the number of TH-immunoreactive varicose nerve fibres
across the width of submucosal arterioles (diameters
40–60 μm) from the colons of three controls and three
animals with TNBS colitis. Control colonic submucosal
arterioles were surrounded by 5.3 ± 0.5 immunoreactive
axons (n = 7 arterioles) compared to 4.6 ± 0.4 axons in
TNBS colons (n = 7; P = 0.29, unpaired t test; Fig. 4C).
Although vascular innervation by TH-immunoreactive
axons was anatomically unaffected by TNBS colitis, the
density of TH-immunoreactive axons in the submucosal
plexus appeared reduced (data not shown).

Postjunctional responsiveness to sympathetic vaso-
constrictors was assessed by measuring the amplitude of
constrictions to superfusion of ATP (10 μm; n = 17), a

P2 receptor agonist and phenylephrine (3 μm; n = 9), a
selective α1-adrenoceptor agonist. Both agonists caused
robust arteriolar constrictions in normal mice. The
response to ATP desensitized markedly during application
(Fig. 5A), consistent with P2X1 receptor activation under-
lying the majority of submucosal arteriolar responses to
purines (Vulchanova et al. 1996; but also see Gitterman
& Evans 2000). The constriction to ATP was abolished
in TNBS preparations (n = 7, Fig. 5B), indicating that the
altered pharmacology of sympathetic vasomotor control in
the gut of TNBS animals was due to an abrogated response
to purinergic vasoconstrictors. In contrast, TNBS colitis
had no effect on adrenergic vasoconstrictions (n = 12;
Fig. 5C).

In an effort to define the mechanism underlying
defective purinergic vasomotor control in this model
of colitis, we tested the following possible hypotheses:
colitis alters downstream signalling pathways involved in
purinergic but not adrenergic neurotransmission; colitis
reduces purinergic receptor expression on submucosal

Figure 2. Pharmacology of sympathetic vasoconstrictions
A and B, raw data illustrating the inhibitory effect of the P2 receptor
antagonist suramin and the α1-adrenoceptor antagonist prazosin on
vasoconstrictions to 20 Hz electrical stimuli. C, summary data showing
that suramin (n = 38) and prazosin (n = 8) individually reduced
evoked vasoconstrictions and that the combination of suramin plus
prazosin (n = 16) abolished neurally mediated vasoconstrictions.
∗P < 0.001, one-way ANOVA plus Tukey’s multiple comparisons test.
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Figure 3. Pharmacology of sympathetic vasoconstrictions in
arterioles from TNBS colitis mice
A, mean ± S.E.M. data which demonstrate that suramin (n = 10) had
no inhibitory effect on vasoconstrictions evoked by 20 Hz stimuli in
these preparations whereas prazosin (n = 5) inhibited a large
component of evoked constrictions. The combination of suramin plus
prazosin (n = 9) abolished the constriction response to nerve
stimulation but there is no statistical difference between the effect of
prazosin alone and prazosin plus suramin. B, comparison of the
percentage inhibition by suramin (100 μM) of sympathetic
vasoconstrictor responses at 5 and 20 Hz in control and TNBS
arterioles. Suramin had significantly less effect on constrictions in TNBS
colon compared to controls. C, prazosin had significantly more effect
at 20 Hz on constrictions in TNBS colon versus controls. This indicates
that the adrenergic component of sympathetic vasoconstrictions

arterioles; colitis leads to irreversible desensitization
of purinergic receptors; and colitis leads to increased
degradation of extracellular ATP.

P2X1 receptors are ligand-gated ion channels
that allow calcium influx which can directly cause
vasoconstriction of submucosal arterioles and small
mesenteric arteries (Gitterman & Evans, 2001;
Lamont et al. 2006). α-Adrenergic receptors are seven-
transmembrane-domain G protein-coupled receptors
that cause vasoconstriction by activating IP3 receptors
on the sarcoplasmic reticulum leading to Ca2+ release
from intracellular stores (Li et al. 2003). Consistent
with this, superfusion of preparations with zero-Ca2+

Krebs solution (Ca2+ replaced with Mg2+) abolished the
response to ATP (n = 3) but not phenylephrine (n = 3;
Fig. 6A). However, blockade of L-type calcium channels
with 1 μm nifedipine did not reduce constrictions
to ATP (control: 11.7 ± 0.9 μm versus nifedipine:
11.0 ± 1.2 μm; P = 0.28, paired t test, n = 6). Although
zero-Ca2+ Krebs solution did not abolish the response to
phenylephrine, it did significantly reduce the amplitude
of phenylephrine constrictions. This is consistent
with zero extracellular Ca2+ depleting sarcoplasmic
reticulum Ca2+ stores, which would blunt the IP3

receptor-mediated response to phenylephrine. In
addition, 2-aminoethoxy-diphenylborate (2-APB;
100 μm; n = 10), which interferes with IP3 receptor
signalling, blocked constrictions to phenylephrine but
did not alter constrictions to ATP (n = 5; Fig. 6B).
These data indicate that purinoceptor and adrenoceptor
activation have divergent signalling pathways leading to
vasoconstriction, one of which is sensitive (purinergic)
to inflammation while the other (adrenergic) is resistant.
These separate pathways may indicate that the defect in
purinergic signalling is due to inflammation reducing
the influx of extracellular Ca2+ into vascular myocytes
following purinergic transmitter release, rather than
downstream events such as myofilament activation
following increased intracellular Ca2+.

We used immunohistochemical analysis of P2X1

receptor expression to examine whether colitis altered
receptor localization. P2X1 receptor immunoreactivity was
restricted to arterioles and an unidentified cell type that
is likely to be an immunocyte (Fig. 7A; representative
of preparations from 4 mice). Preincubation of anti-
serum with neutralizing peptide abolished all staining,
as did application of a mismatched secondary antibody
with the P2X1 antiserum (data not shown). Preparations
from animals with TNBS colitis did not exhibit any

compensated for the colitis-induced loss of purinergic signalling.
∗P < 0.05, one way ANOVA with Tukey’s multiple comparisons test for
A and unpaired t test with Welch’s correction for B and C
(comparisons of control versus TNBS).
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Figure 4. Immunohistochemical analysis of sympathetic neuroanatomy in normal (A) and TNBS colitis
(B) colons
Submucosal preparations were stained with antiserum that detects tyrosine hydroxylase (TH), a vital enzyme for
catecholamine synthesis. Immunoreactivity was present in a perivascular plexus along submucosal arterioles and
was also detected in varicosities that surround neurons in the submucosal plexus. Although there was a decrease in
the amount of staining in the submucosal plexus, the innervation of submucosal arterioles by TH-immunoreactive
fibres was not reduced during colitis (C).

marked alteration in P2X1 receptor immunoreactivity on
arterioles although more non-vascular cells were
immunoreactive for P2X1 receptor (Fig. 7B; representative
of preparations from 3 TNBS mice). Western blot analysis
revealed a significant increase in P2X1 receptor protein in
the colonic submucosa of TNBS colitis animals (Fig. 7C
and D; n = 6 animals for each condition).

We attempted to evoke prolonged desensitization of
purinergic receptors by incubating dissected preparations
of colonic submucosa from control mice for 3 h in ATP
(10 μm) prior to washout of ATP and reapplication of ATP
while monitoring vasoconstriction. ATP was reapplied at
hourly intervals during the 3 h incubation to circumvent

Figure 5. Responsiveness of submucosal arterioles to sympathetic vasoconstrictors in normal and
TNBS-inflamed colons
A, superfusion of ATP caused large vasoconstrictions that rapidly desensitize in arterioles from control colons. TNBS
colitis abolished the responsiveness of arterioles to ATP. B, summary data on constriction amplitude to ATP (control:
n = 17; TNBS: n = 7) and phenylephrine (control: n = 9; TNBS: n = 12), an α-adrenoceptor agonist in control
and TNBS colons. Colitis abolished constrictions to ATP whereas constrictions to phenylephrine were unaffected.
∗P < 0.01.

the effect of ecto-ATPases on receptor activation (Westfall
et al. 2002). We found no difference in ATP responsiveness
between preparations that had been preincubated for
3 h in ATP (12.9 ± 2.4 μm; n = 4) or normal Krebs
solution (14.7 ± 3.4 μm; n = 9; P = 0.64, unpaired t test
with Welch’s correction). This indicates that prolonged
desensitization of purinergic receptors does not lead to
irreversible receptor desensitization and thus is not likely
to account for altered responsiveness to ATP of arterioles
from TNBS colitis mice.

Our finding that P2X1 receptor expression was
increased by colitis, coupled with the lack of evidence of
receptor desensitization following prolonged exposure

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



726 A. E. Lomax and others J Physiol 583.2

to purinergic agonist led us to hypothesize that colitis
alters purinergic neurotransmission by enhancing
the degradation of extracellular purines. We tested
this hypothesis by examining the responses of
submucosal arterioles from normal and colitis mice
to the degradation-resistant P2X1 and P2X3 receptor
agonist αβ-methylene-ATP. In contrast to the lack of
responsiveness of arterioles to ATP in colitis (Fig. 8A) the
same arterioles constricted readily to β-methylene-ATP
(Fig. 8B and C). In agreement with Western blot analysis
that suggested increased expression of submucosal P2X1

receptor in colitis, constrictions to αβ-methylene-ATP
were significantly larger in arterioles from inflamed colons
compared to controls (Fig. 8C).

Figure 6. Signalling pathways downstream of receptor
activation differ between purinergic and adrenergic
constrictions
A, purinergic constrictions rely on Ca2+ influx and were abolished by
superfusion with zero-Ca2+ Krebs solution (n = 3 each for ATP and
phenylephrine). B, purinergic constrictions were unaltered by 2-APB
(n = 5), an IP3 receptor antagonist, whereas constrictions to
phenylephrine (n = 10) were abolished following blockade of IP3

receptor-mediated release of sarcoplasmic reticulum stores of Ca2+.
∗P < 0.05.

Discussion

The main findings of the present study are that
noradrenaline and a purine are released as cotransmitters
from perivascular sympathetic nerve terminals in the
submucosa of mouse distal colon. During TNBS colitis, the
purinergic component of this cotransmission is markedly
reduced.

Synaptic transmission to submucosal arterioles

Noradrenaline and ATP or a related purine are commonly
released as cotransmitters from sympathetic varicosities
(Westfall et al. 2002; Burnstock, 2004). They bind their
respective receptors and in the majority of vascular
beds cause vasoconstriction (Huidobro-Toro & Donoso,
2004). In submucosal arterioles of guinea-pig ileum,
ATP is the sole sympathetic neurotransmitter that
binds postjunctional receptors to cause vasoconstriction
(Evans & Surprenant, 1992). Neuropeptide Y (NPY)
and noradrenaline are also released from perivascular
sympathetic varicosities in this preparation but act
as neuromodulators rather than directly causing
vasoconstriction (Evans & Surprenant, 1992; Lewis et al.
1999). In the present study, we observed direct post-
junctional roles for ATP and noradrenaline in sympathetic
vasoconstriction of submucosal arterioles. Adrenergic
and purinergic receptor antagonists both reduced
sympathetic vasoconstrictions and the combination of
both antagonists abolished the vasoconstriction. This is in
contrast to the finding in guinea-pig submucosal arterioles
that suramin abolished sympathetic vasoconstrictions
whereas prazosin had no effect (Evans & Surprenant,
1992). Whether this finding reflects species-dependent or
regional differences in the pharmacology of sympathetic
vasoconstriction (guinea-pig ileum versus mouse distal
colon) is a matter for future investigation.

Colitis alters pharmacology

Injection of TNBS into the colons of mice results in a
predominantly Th1-mediated transmural inflammation
of the colon, associated with infiltration of colonic tissue
by macrophages and T-lymphocytes, that is thought to
resemble Crohn’s disease (Strober et al. 2002). The P2
receptor antagonist suramin did not have any effect on
sympathetic vasoconstrictions in TNBS colitis, whereas
in control mice suramin reduced the amplitude of
vasoconstrictions (Fig. 3B). In contrast, colitis did not
alter the inhibitory effect of prazosin on sympathetic
vasoconstrictions. This suggests that the alteration in
sympathetic vasoregulation during colitis is restricted to
purinergic signalling pathways.

There are several potential mechanisms that could
underlie the reduction in purinergic participation in
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Figure 7. Immunohistochemical and immunoblot detection of P2X1 receptor in submucosal arterioles
A, in control colon submucosa, receptor immunoreactivity was localized to smooth muscle cells within arterioles.
B, TNBS colitis did not affect P2X1 receptor immunoreactivity in arterioles but increased immunoreactivity in
non-vascular cell types, probably reflecting influx of immune cells during colitis. C, Western blotting of submucosal
protein with a P2X1 receptor antiserum detected a band at the predicted molecular weight of ∼59 kDa; β-actin
antiserum revealed a band at ∼40 kDa. D, analysis of the ratio of densitometry measurements of P2X1 receptor and
β-actin bands in submucosal preparations from 6 control and 6 TNBS colons. TNBS colitis significantly increased
P2X1 receptor expression. ∗∗∗P < 0.001, unpaired t test with Welch’s correction.

Figure 8. The purinergic agonist αβ-methylene-ATP, but not ATP, constricts arterioles in TNBS colon
Responses to ATP and αβ-methylene-ATP were compared in arterioles from 12 control mice and 6 mice with TNBS
colitis. ATP and αβ-methylene ATP cause equal constrictions in control mice (P = 0.98; paired t test), but in TNBS
arterioles there is a marked difference in the responsiveness of arterioles (###P < 0.0001, paired t test). A and
C, vasoconstrictions of arterioles to ATP is abolished in TNBS colitis (∗∗∗P < 0.0001, unpaired t test with Welch’s
correction) whereas arteriolar responsiveness to αβ-methylene-ATP is increased in colitis (B and C; ∗∗∗P < 0.0001,
unpaired t test with Welch’s correction).
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sympathetic vasoconstriction during colitis. It could
be due to a selective reduction in release of the
purinergic transmitter in colitis or a reduction in
arteriolar responsiveness to the transmitter. Although
we were unable to directly measure extracellular purine
levels following nerve stimulation, we observed a complete
absence of responsiveness of arterioles from TNBS
colons to application of ATP, whereas arterioles from
control mice always constricted to ATP. This indicates
that the loss of purinergic involvement in sympathetic
vasomotor control in TNBS colitis is due to a reduction in
postjunctional responsiveness to ATP or enhanced
extracellular degradation of ATP.

In order to test the hypothesis that colitis altered
postjunctional responsiveness to ATP, we utilized
immunohistochemistry and Western blotting to examine
whether major differences in P2X1 receptor expression
occurred in the colitis blood vessels. While the immuno-
histochemistry findings do not exclude the possibility that
subtle changes in receptor distribution have occurred,
Western blot data indicate that P2X1 receptor expression
is markedly up-regulated in colitis. This finding was
unexpected given our data on the lack of vaso-
constrictor effect of ATP during colitis. However, P2X1

receptor expression in submucosal preparations was not
limited to arteriolar smooth muscle cells. Immunocytes
also stained with the antiserum, and the number of
P2X1 receptor-immunoreactive immunocytes increased
during TNBS colitis. While we did not identify which
particular immune cells express the P2X1 receptor,
previous studies have found evidence of P2X1 receptor
mRNA in neutrophils, lymphocytes and macrophages
(reviewed in Bours et al. 2006); each of these cells
types is known to be increased in TNBS colitis (Wirtz
et al. 2007). Therefore, the influx of inflammatory cells
during colitis may account for some of the observed
increase in P2X1 receptor protein expression, although
it seems likely that vascular myocyte expression of the
receptor is also increased during colitis. This conclusion
is supported by the observation that the amplitude of
constrictions to a degradation-resistant ATP analogue,
αβ-methylene-ATP, is increased in colitis (Fig. 8). It is
possible that the increased responsiveness/expression of
vascular P2X1 receptors is a compensatory response to the
reduction in purinergic neurotransmission during colitis.

Extracellular concentrations of ATP are normally
maintained in the submicromolar range by a variety
of ectonucleotidases and nucelosidases, which exist in
soluble form or are expressed on cell membranes (Westfall
et al. 2002; Gendron et al. 2002). Inflammation may
lead to a large increase in release of purines due to
cellular damage (Bours et al. 2006). Whether the increased
degradation of ATP in TNBS colitis is in response to
increased extracellular concentrations of purines during
inflammation or whether this phenomenon is solely

due to an increasing number of immune cells which
express ecto-ATPases (Bours et al. 2006) during colitis is
unclear. However, a previous study in guinea-pig colitis
found evidence of increased purinergic signalling between
enteric neurons during colitis (Lomax et al. 2005b), which
suggests that the up-regulation of ecto-ATPase activity by
inflammation may be restricted to vascular tissue.

Physiological significance

The present findings and a previous report of increased
purinergic contribution to fast excitatory postsynaptic
potentials in guinea-pig colitis indicate that purinergic
neurotransmission is particularly labile and prone to
alterations during GI inflammation. Extracellular purines
are signalling molecules that are released under a variety
of conditions and bind receptors on many cell types,
including neurons, endothelial cells, smooth muscle
cells and immune cells (Bours et al. 2006; Burnstock,
2007). Due to the requirement to tightly regulate
extracellular purine concentrations during inflammation,
it appears that ectonucleotidase activity is increased
during colitis. Although there are reports of increased
vascular ectonculeotidase activity during hypoxia, the
present study is the first evidence that implies that colitis
up-regulates these enzymes. In the vasculature, increased
ectonucleotidase activity, in particular CD73, which
converts AMP to adenosine, is a protective adaptation
following hypoxia as it increases extracellular adenosine
concentrations (Thompson et al. 2004; Zernecke et al.
2006). If other nucleotidases, such as CD39, which
hydolyses ATP, are also up-regulated, this protective
response to inflammation may have the side-effect of
decreasing the purinergic regulation of blood flow.

The findings of this study demonstrate that sympathetic
vasoconstrictor regulation of submucosal arterioles is
abnormal in the inflamed colon. Previous in vivo and
in vitro studies in tissues from normal and inflamed
mouse and human colonic submucosa identified a defect
in vasodilator function following inflammation (Hatoum
et al. 2003b; Mori et al. 2005). Taken together with the
present findings, it appears that inflammation affects
multiple neural pathways that regulate GI blood flow.
There is strong evidence that defective mucosal barrier
function contributes to the pathogenesis of IBD. Precise
regulation of blood flow to the mucosa, which depends
of maintenance of appropriate perfusion pressure and
compensatory constrictor and dilator responses within the
microcirculation (Lundgren, 1984), is critical to mucosal
barrier function. Therefore, altered vascular regulation
during colitis, as described in the present study, may
perpetuate gastrointestinal inflammation. Future studies
will utilize intravital microscopy to characterize the impact
of altered purinergic transmission on mucosal blood flow
in the mouse colon.
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